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SUMMARY 


1.  HUD  symbology  may  be  obscured  by  low  power  CW  lasers  when  the  line 
of  sight  to  the  laser  is  the  same  as  the  line  of  sight  to  the  symbology. 

2.  There  is  a  wavelength  dependence  for  radiometric  thresholds  with 
minimum  thresholds  in  the  green  and  maximum  thresholds  in  the  red  (sensi¬ 
tivity  relations  are  inverse  with  threshold).  The  ratio  of  this  difference 
can  be  as  high  as  50  to  1;  it  averages  19  to  1. 

3.  When  the  inherent  luminous  efficiency  of  lights  of  different  wave¬ 
lengths  are  factored  out,  the  ratio  of  threshold  differences  is  reduced  to 
an  average  factor  of  4.5. 

4.  There  are  large  individual  differences  in  sensitivity,  but  most  of 
these  differences  are  independent  of  wavelength. 

5.  The  cause  of  the  wavelength-independent  variability  is  not  known, 
but  there  is  some  evidence  that  it  is  directly  related  to  subject  age. 

6.  The  majority  of  the  subjects  show  a  small  purely  chromatic  effect. 
The  magnitude  of  the  effect  is  much  less  than  would  be  due  either  to  lumi¬ 
nance  or  to  subjects.  Consequently,  any  modeling  effort  must  examine  the 
among-subjects  wavelength-independent  variance. 
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WAVELENGTH-DEPENDENT  AND  -INDEPENDENT  EFFECTS  OF  VEILING  GLARE  ON  THE 
VISIBILITY  OF  HEAD-UP  DISPLAY  (HUD)  SYMBOLOGY 


OBJECTIVE  AND  BACKGROUND 

Among  the  many  external  hazards  and  stressors  that  military  pilots  may 
encounter  are  high  intensity  laser  beams.  Pulsed  lasers  produce  intense, 
very  brief  bursts  of  laser  radiation  that  can  cause  temporary  flashblindness 
and  ocular  damage,  including  retinal  lesions  (1-5).  Continuous-wave  (CW) 
lasers,  on  the  other  hand,  emit  lower  energy  radiation,  but  can  nevertheless 
produce  substantial  visual  effects.  At  long  range,  CW  lasers  could  create 
significant  glare  that  could  obscure  the  aircraft  instruments  from  the 
■pilot's  vision  and  interfere  with  the  mission.  The  purpose  of  this  study  is 
to  investigate  one  aspect  of  glare  produced  by  lasers  under  conditions 
similar  to  a  pilot's  operating  environment. 

One  key  factor  in  the  analysis  of  glare  is  the  point-spread  function 
(PSF)  of  the  human  eye.  Every  optical  system  has  a  characteristic  PSF  which 
indicates  the  way  that  the  system  spreads  out  the  light  from  an  ideal  point 
source.  In  the  case  of  the  human  eye,  the  PSF  may  be  generalized  to  include 
not  only  intraocular  scatter  but  also  spatial  vision  effects  resulting  in 
what  may  be  called  a  "glare-spread"  function  (GSF)  (6).  These  functions  may 
be  used  to  predict  visual  sensitivity  to  any  target  by  means  of  the  convolu¬ 
tion  theorem  (7)  and  the  equivalent  background  assumpti-on  (8).  Lasers  are 
highly  monochromatic  point  sou’'ces.  If  the  GSF  depends  on  wavelength,  then 
glare  from  laser  sources  will  vary  in  effectiveness  with  wavelength. 

A  recent  report  has  determined  that  the  scattering  of  light  within  the 
eye  does  not  depend  on  wavelength  (9).  The  authors  of  this  study  used 
spatially  extended  sources  rather  than  point  sources  but,  nevertheless, 
their  results  imply  that  the  GSF  may  not  vary  with  source  wavelength. 
Intraocular  scatter  is  not,  however,  the  only  possible  influence  of  the 
wavelength  of  a  glare  source.  Different  wavelength  sources  of  equal  energy, 
nevertheless,  have  different  visual  effects  because  of  the  eye's  differen¬ 
tial  sensitivity  to  lights  of  different  wavelengths;  equal  energy  lights  of 
different  wavelengths  may  not  appear  equally  bright.  Lights  can  be  made 
equal  in  visual  efficiency  by  equating  them  for  illuminance,  a  photometric 
measure  that  is  corrected  by  the  standard  human  visual  efficiency  curve 
known  as  Equating  glare  sources  in  this  way  could  reduce  any  apparent 
wavelength  dependence  (10). 

Even  if  glare  sources  are  equated  photometrically,  wavelength-dependent 
effects  may  still  occur.  Illuminance-equated  lights  may  differ  in  chromatic 
contrast,  and  targets  may  be  detected  by  mechanisms  sensitive  to  chromatic 
contrast  (11-13).  In  fact,  small  color  effects  have  been  reported  recently 
for  some  electrophysiological  measures  following  laser  flashes  (14,15). 

Some  of  these  effects  have  been  attributed  to  the  activity  of  opponent-color 
mechanisms  (15,16).  These  mechanisms  could  play  a  role  for  glare  sources  as 
well  as  for  flashed  sources. 
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The  experimental  questions  raised  here  are  simple:  is  the  effective¬ 
ness  of  laser-induced  glare  wavelength  dependent  and,  if  so,  is  the  wave¬ 
length  dependence  due  to  visual  chromatic  mechanism  sensitivity?  We 
examined  these  questions  by  measuring  the  visibility  of  colored  targets  in 
the  presence  of  eye-safe,  laser-induced  glare. 


METHODS 

Subjects 


Subject  participation  was  governed  by  APR  169-3,  USAFSAM  Human  Use 
Protocol  86-18,  and  Addendum.  Six  volunteer  human  subjects  were  tested. 
Five  subjects  were  male,  and  one  was  female.  Their  ages  ranged  from  27  to 
47  with  a  mean  age  of  37.2  years.  Five  had  normal  uncorrected  acuity  at 
distance,  and  one  was  a  slight  myope  corrected  to  5/6  acuity.  All  subjects 
were  given  complete  ophthalmological  examinations  before  the  experiment. 
They  were  reevaluated  after  the  experiment  and  found  to  be  unchanged  from 
the  pre-experimental  examination. 


Apparatus 

Figure  1  shows  the  main  components  of  the  experimental  apparatus.  A 
frame  apparatus  was  constructed  as  a  cockpit  mockup.  It  was  covered  by  a 
scratched  F-16  canopy  that  was  removed  from  the  inventory.  A  pre-production 
F-16AB  HUD  manufactured  by  General  Dynamics  was  placed  within  the  frame  in 
the  p’"op^’"  relation  to  the  canopy.  Experimental  subjects  were  seated  on  an 
adjustable  aircraft  seat  (A-7A)  so  that  their  heads  were  at  the  design  eye 
position  of  the  HUD.  In  this  position,  the  subjects  looked  through  the  HUD 
and  saw  its  symbology  superimposed  on  the  center  of  the  field  of  view. 

The  subjects  were  required  to  resolve  a  symbol  displayed  at  optical 
infinity  on  the  HUD.  A  glare  source  was  produced  by  routing  laser  light 
through  a  fiber-optic  cable  (Fig.  1).  The  fiber-optic  cable  removed  the 
beam  collimation  and  spread  the  beam  to  about  a  30-deg  angle.  The  output  of 
the  fiber-optic  cable  subtended  less  than  a  minute  of  arc;  consequently,  its 
image  (and  hence,  the  image  of  the  glare  source)  was  limited  by  the  GSF  of 
the  eye.  The  subjects  sat  about  3  m  from  the  output  of  the  optical  fiber. 
Two  lasers  (Coherent  Krypton  Innova  100  and  Argon  Innova  100)  and  five  lines 
(488  nm  and  514  nm  from  argon;  530  nm,  568  nm,  and  647  nm  from  krypton)  were 
used.  Laser  output  was  1  W  at  all  wavelengths.  Stimulus  conditions  are 
summarized  in  Table  1. 


Calibrations 


An  EG&G  radiometer  head  was  placed  facing  the  glare  source  in  the  ver¬ 
tical  plane  passing  through  the  design  eye  position;  it  was  orthogonal  to 
the  line  from  design  eye  position  to  source.  The  radiometer  head  was  moved 
systematically  to  several  points  of  a  rectangular  array  in  that  plane.  The 
irradiance  from  the  laser  was  measured  at  each  position,  producing  a  point- 
by-point  mapping  of  the  beam  distribution.  The  beam  profile  was  measured 
with  and  without  the  cockpit  mockup.  In  the  absence  of  the  canopy  and  the 
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Figure  1.  Experimental  apparatus.  View  is  downward  in  top  panel. 


TABLE  1.  STIMULUS  CONDITIONS 
Laser  Glare  Conditions 


Beamspread: 

30  deg-arc 

Duration: 

7  s  or  less 

Wavelengths: 

488  nm 

514  nm 

530  nm 

568  nm 

647  nm 

HUD 

Luminance: 

175  cd/m2 

Color: 

Broadband  green 

Symbols: 

Flight  path  marker  (FPM)  and  pitch 

ladder  (PL) 

FPM  Size: 

34  min-arc  diameter  and  34  min-arc 

wings 

Stroke  Width: 

2  min-arc 

HUD,  the  beam  profile  at  the  plane  of  the  cornea  was  nearly  Gaussian;  it  was 
about  1  m  in  diameter.  Figure  2  plots  the  beam  irradiance  profile  for  the 
514-nm  glare  source  measured  inside  the  cockpit.  The  canopy  and  HUD  altered 
the  profile  slightly  because  of  the  shadow  cast  by  the  HUD  support  frame. 

The  other  wavelengths  had  similar  profiles.  The  subject's  head  was  posi¬ 
tioned  outside  the  shadow  in  the  region  indicated  by  the  square  in  Figure  2. 
The  irradiance  of  the  Gaussian  beam  distribution  was  nearly  constant  over 
the  region  where  a  subject  might  move  his  or  her  head. 

Laser  output  was  regulated  by  its  own  power  controller.  An  additional 
laser  power  meter  was  used  to  measure  the  emitted  beam  as  an  independent 
check  at  the  beginning  of  each  day.  The  peak  laser  intensity  was  carefully 
monitored  throughout  the  experiment.  The  laser  output  maximum  was  attenu¬ 
ated  by  neutral  density  filters  placed  in  front  of  the  optical  train. 
Specific  filters  were  used  for  each  wavelength  so  that  the  maximum  power 
reaching  the  eye  never  exceeded  5%  of  the  maximum  permissible  exposure  (MPE) 
calculated  for  direct  intrabeam  viewing  of  intermittent  exposures  from  a  CW 
laser  source  (17).  Exposure  levels  were  recorded  directly  from  a  PIN-10 
photodiode  mounted  on  the  subject's  helmet.  The  photodiode  was  cross- 
calibrated  against  the  EG&G  radiometer. 
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Figure  2. 


Contour  map  of  irradiance  in  the  plane  of  the  subject's  pupil. 
Recorded  with  an  EGiG  photometer  placed  at  each  numbered  point 
in  the  array.  This  map  is  for  the  488-nm  line  of  an  argon  laser 
operating  at  1  W  and  attenuated  by  the  neutral  density  wedge  in 
the  experimental  apparatus.  Numbers  are  in  /iW/cm^.  The  black 
square  is  the  boundary  for  the  region  in  which  the  subject's  head 
is  placed.  The  laser  intensity  is  nearly  uniform  within  this 
region.  The  black  areas  without  numbers  map  out  the  shadow  made 
by  the  HUD's  combiner-glass  support. 


The  HUD  flight  path  marker  (FPM)  symbol  was  used  as  a  test  target 
(Fig.  3).  The  point  source  was  imaged  in  the  center  of  the  FPM;  light 
scattered  (or  otherwise  spread  away)  from  the  source  obscured  the  symbol. 

The  luminance  of  the  HUD  was  measured  with  a  Pritchard  Model  1980  B  tele¬ 
photometer,  and  the  measurement  was  checked  several  times  during  the  course 
of  the  experiment.  The  HUD  luminance  was  maintained  at  175  cd/m2. 
symbol  generated  by  the  HUD  broadband  phosphor  appeared  yellow-green  under 
otherwise  dark  conditions.  Its  spectral  emission  is  shown  in  Figure  4.  Its 
measured  chromaticity  was  x  =  0.190,  y  =  0.719.  The  stroke  width  of  the 
symbol  is  2  min-arc,  and  the  diameter  of  the  circular  part  of  the  symbol  is 
34  mi n-arc  (Table  1) , 


Procedure 


Before  each  experimental  session,  the  subject  adjusted  the  aircraft 
seat  until  the  HUD  FPM  symbol  was  centered  on  the  output  end  of  the  fiber 
optic  as  seen  by  the  subject's  preferred  eye.  The  other  eye  was  patched. 
During  this  procedure,  the  laser  output  was  blocked.  When  the  subject  was 
properly  positioned,  the  room  lights  were  turned  off,  and  the  subject 
adapted  to  the  light  provided  by  the  HUD  for  2  min. 
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Figure  3.  HUD  symbology.  The  flight  path  marker  is  the  symbol  used  as  a 
test  stimulus.  A  threshold  is  recorded  when  the  FPM  is  just 
obscured  by  glare  from  the  laser. 
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Figure  4.  Spectral  emission  of  HUD  phosphor  measured  by  Pritchard  Model 
1980  B  spectroradiometer. 


At  the  conclusion  of  the  adaptation  period,  on  the  subject's  signal,  a 
trial  began.  The  subject  pressed  a  button  on  a  hand-held  controller  that 
simultaneously  opened  a  shutter  (Uniblitz)  and  advanced  a  pair  of  counter¬ 
rotating  neutral  density  wedges  (0-2  ND  total;  Mel  1 es-Griot) .  This  proce¬ 
dure  delivered  the  laser  light  at  a  very  low  intensity;  the  intensity  slowly 
increased  as  the  neutral  density  wedges  advanced.  The  exposure  was  termi¬ 
nated  either  when;  a)  the  subject  indicated  that  the  HUD  symbology  was 
obscured;  b)  7  s  passed  without  a  threshold  determination;  or  c)  the  inten¬ 
sity  of  the  exposure  reached  a  predetermined  maximum  (5%  of  the  MPE) . 
Irradiance  at  the  subject's  eye  was  monitored  by  the  photodiode  on  the  sub¬ 
ject's  helmet.  Its  output  was  recorded  by  a  strip-chart  recorder  that  was 
later  converted  to  irradiance  using  a  previously  measured  calibration  curve. 
Following  each  trial,  the  glare  source  was  blocked  from  the  subject's  view 
and  its  intensity  reduced  below  threshold.  A  dark  period  (10-40  s)  occurred 
between  each  trial.  Twelve  threshold  determinations  were  made  in  each 
session.  There  were  three  sessions  per  wavelength  for  every  subject,  but 
only  one  wavelength  was  tested  in  a  single  session. 
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RESULTS  AND  DISCUSSION 


In  Table  2,  mean  glare  source  power  at  the  obscuration  threshold  is 
given  for  each  subject  as  the  logarithm  of  W/cm2  for  each  wavelength  tested 
along  with  the  standard  error  of  the  mean.  For  every  wavelength,  the  mean 
among  subjects  is  given  as  well  as  its  standard  error.  In  Figure  5,  the 
logarithms  of  sensitivity  for  all  six  subjects  and  their  average  are  plotted 
as  a  function  of  wavelength.  Sensitivity  is  given  in  units  of  reciprocal 
obscuration  power  per  unit  area  (IZ/tW/cm^).  The  solid  curve  in  Figure  5  is 
the  standard  luminous  efficiency  curve 


TABLE  2.  OBSCURATION  THRESHOLDS  (LOG  IRRADIANCE  —  LOG  W/cm2) 


Wavelength  (nm) 


Subject 

488 

514 

1 

-5.462480 

-5,583427 

(0.034034) 

(0.042364) 

2 

-5.211356 

-5.124CC6 

(0.029272) 

(0.033429) 

3 

-5.600066 

-5.588408 

(0.035302) 

(0.028577) 

4 

-5.812483 

-5.696216 

(0.033226) 

(0.030039) 

c 

-6.014896 

-5.97402S 

(0.020981) 

(0.026242) 

6 

-5.016980 

-5,051444 

(0,040767) 

(0.097209) 

Mean 

-5.519710 

-5,502922 

(0.033930) 

(0.042977) 

530 

568 

647 

-6.215859 

-5.887935 

-4.645525 

(0.030000) 

(0.032268) 

(0.027720) 

-5.457559 

-4.780690 

-4.936761 

(0.016880) 

(0.050932) 

(0.020270) 

-5.975262 

-5.731935 

-4.604337 

(0.028540) 

(0.023782) 

(0.031192) 

-6.386358 

-6.033620 

-4.692799 

(0.022157) 

(0.024790) 

(0.025343) 

-6.412505 

-5.599341 

•v  « 

(0.016313) 

(0.015828) 

(0.033468) 

-5.596560 

-5.317599 

-4.531996 

(0.043778) 

(0.080885) 

(0.065432) 

-6.007351 

-5.558520 

-4.738887 

(0,026278) 

(0.038081) 

(0.033904) 

Numbers  in  parentheses  denote  the  standard  error  of  the  mean. 


Three  factors  emerge  from  these  data.  First,  sensitivity  is  greatest 
in  the  middle  of  the  spectrum.  Second,  there  is  an  overall  range  of  varia¬ 
tion  in  excess  of  a  decade  between  the  wavelengths  of  greatest  and  of  least 
sensitivity.  Third,  there  is  a  very  large  spread  of  overall  individual 
sensitivity.  It  will  be  shown  that  the  wavelength-dependent  variations  can 
be  accounted  for  largely  by  variations  in  the  visual  mechanism  of  luminance. 
It  will  also  be  shown  that  most  of  the  individual  differences  are  not  wave¬ 
length  dependent,  but  rather  reflect  differences  in  overall  sensitivity 
(i.e.,  differences  due  to  age,  Weber  'ractions,  or  criterion  effects). 

These  data  are  the  averages  for  each  of  six  experimental  subjects;  there 
were  three  sessions  per  subject  and  twelve  trials  per  session. 

In  Figure  6,  the  same  data  are  plotted  as  a  function  of  the  logarithm 
of  the  illuminance  of  the  veiling  glare  that  just  obscures  the  FPM.  This 
measure  yields  an  obscuration  threshold  (not  sensitivity  as  in  Fig.  5; 
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Figure  5.  Logarithm  of  sensitivity  to  glare  as  a  function  of  wavelength. 

Ordinal  units  are  radiometric  (proportional  to  the  log  of  the 
inverse  of  glare  source  /tW/cm2  necessary  to  obscure  the  HUD). 
Data  are  plotted  for  six  subjects  and  the  average  among  subjects 
at  each  wavelength. 
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Figure  6.  murni nance  of  glare  source  necessary  to  obscure  HUD  as  a 

function  of  wavelength.  Ordinal  units  are  log  Lux.  This  curve 
plots  obscuration  threshold,  not  sensitivity  as  in  Figure  5. 
Data  are  plotted  for  six  subjects,  and  the  average  among 
subjects,  at  each  wavelength. 
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threshold  is  the  inverse  of  sensitivity).  Illuminance  units  are  indications 
of  the  visibility  or  brightness  of  a  light  source,  rather  than  its  energy. 
The  luminance  efficiency  (V^)  of  each  wavelength  is  included  in  the  illumi¬ 
nance  calculation.  Transforming  the  data  from  irradiance  to  illuminance 
reveals  the  extent  to  which  the  variation  in  thresholds  is  a  consequence  of 
the  wavelength  dependence  of  visibility.  Deviations  of  the  data  from  the 
horizontal  indicate  the  amount  of  error  that  would  result  if  the  variation 
of  threshold  was  due  only  to  the  variation  of  the  visibility  of  the  source. 

Replotting  the  data  in  terms  of  illuminance  reduces  the  variation  in 
thresholds  over  wavelength.  This  improvement  may  be  seen  by  examining  the 
among-subject  average  data.  In  Figure  5,  the  function  for  the  average  sub¬ 
ject  varies  over  a  factor  of  10l‘27  (the  ratio  of  highest  ordinate  value  to 
lowest  ordinate  value  is  19),  whereas  in  the  illuminance  plot  of  Figure  6 
the  range  of  variation  is  reduced  to  (the  ratio  of  the  highest  to  the 

lowest  threshold  is  only  4.5).  The  average  range  of  variation  in  irradiance 
is  4.2  times  that  of  the  average  range  of  variation  in  illuminance.  The 
reductions  in  range  for  each  subject  may  be  seen  in  Table  3.  Four  of  six 
subjects  have  ranges  reduced  by  factors  of  3  or  more.  One  subject  has  been 
reduced  by  a  factor  of  2,  and  one  subject  shows  an  increase.  This  dif¬ 
ference  between  subjects  may  reflect  differences  in  individual  luminosity. 
The  major  point  is  that  when  the  inherent  luminosity  of  lights  of  different 
wavelengths  is  factored  out,  the  magnitude  of  the  wavelength-dependent 
effect  is  reduced  to  an  average  factor  of  4.5. 


TABLE  3.  REDUCTION  IN  RANGE  OF  THRESHOLD  VARIATION  ACROSS  WAVELENGTH 
BY  CONVERTING  FROM  IRRADIANCE  TO  ILLUMINANCE 


Subject 

Log  reduction 

Linear  reduction  factor 

1 

0.934 

8.60 

2 

-0.444 

0.39* 

3 

0.560 

3.63 

4 

0.764 

5.81 

5 

0.285 

1.93 

6 

0.611 

4.08 

Mean 

0.616 

4.13 

*Subject  2  showed  an  increase  in  the  range  of  variation  after  conversion 
from  irradiance  to  illuminance. 
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Although  the  range  of  variation  was  reduced  by  plotting  obscuration 
thresholds  with  respect  to  illuminance,  it  was  not  eliminated.  The  re¬ 
maining  variation  was  tested  for  statistical  significance.  The  design  of 
this  experiment  was  a  repeated-measures  and  fully-crossed  model  (each  sub¬ 
ject  received  each  treatment).  Significance  was  tested  by  a  one-factor 
analysis  of  variance  (ANOVA)  (18).  The  results  of  that  analysis  showed 
significance  (F  =  9.48,  p<.001,  dfpum  =  df^enom  =  20),  indicating  that 
thresholds  for  at  least  one  wavelength  differ  from  thresholds  for  other 
wavelengths.  Subsequent  post-hoc  analysis  using  the  Newman-Keuls  multiple 
comparison  test  showed  that  the  488-nm  mean  was  significantly  different  from 
the  568-nm  and  647-nm  means  at  the  0.05  significance  level.  No  other  means 
were  different.  Furthermore,  no  mean  at  any  wavelength  was  significantly 
different  from  the  grand  mean,  averaged  across  wavelengths.  There  is  a 
significant  wavelength  effect,  but  it  is  small  and  subtle. 

The  inter-subject  differences  shown  in  Figure  6  are  large  and  obvious. 
For  example,  at  530  nm,  the  least  sensitive  subject  is  1/lOth  as  sensitive 
as  the  most  sensitive  subject.  A  ratio  of  almost  10:1  in  inter-subject  dif¬ 
ferences  holds  true  for  all  tested  wavelengths  below  568  nm,  supporting  the 
idea  that  most  of  the  inter-subject  differences  may  be  independent  of  wave¬ 
length.  This  suggestion  is  tested  in  Figure  7  by  shifting  each  subject's 
curve  on  the  ordinate  by  an  amount  equal  to  its  mean  (dcross  wavelength) 
value  which  centers  all  the  curves  around  zero.  Because  this  is  a  loga¬ 
rithmic  plot,  the  shift  is  formally  equivalent  to  normalizing  each  curve  so 
that  it  has  a  mean  value  of  1.0.  When  the  data  are  shifted  in  this  manner, 
much  of  the  inter-subject  variability  is  seen  to  be  independent  of  wave¬ 
length  because  the  subjects'  curves  become  much  more  similar.  Figure  7 
shows  the  extent  to  which  thresholds  are  wavelength  dependent  after  cor¬ 
recting  for  luminance  and  for  wavelength-independent  individual  differences 
among  subjects. 

An  ANOVA  was  also  performed  on  the  shifted  data  and  was  again  signi¬ 
ficant  (F  =  9.336,  p<.001,  dfnum  =  '^'f^denom  20).  Further  analysis  with 
the  Newman-Keuls  test  revealed  that  the  488-nm  mean  differed  significantly 
from  the  514-nm  and  568-nm  means  at  the  0.05  level.  These  were  the  only 
significant  comparisons. 

Individual  differences  in  overall  sensitivity  could  be  due  to  any  of  a 
number  of  factors.  One  important  candidate  is  age.  As  subjects  get  older, 
the  amount  of  light  scattered  by  their  ocular  media  increases  (19).  Age- 
related  differences  among  subjects  are  expected  to  be  greatest  at  short 
wavelengths  because  of  an  age-related  increase  in  optical  density  at  short 
wavelengths  (20).  Although  the  experiment  was  not  designed  to  test  the 
influence  of  age  on  thresholds,  support  for  the  aging  hypothesis  may  be  seen 
in  our  data.  The  rank  order  correlation  between  overall  illuminance  thresh¬ 
old  (distance  from  zero  in  Figure  6)  and  age  is  statistically  significant 
for  every  wavelength  except  647  nm  (correlations  average  -0.71). 

This  study  was  undertaken  to  answer  whether  there  is  a  wavelength 
dependence  for  glare  thresholds  other  than  that  produced  by  luminance  sensi¬ 
tivity.  The  answer  to  this  question  is  given  in  Figure  7.  There  is  a 
reliable  wavelength  dependence  seen  In  this  curve,  but  it  Is  relatively 
small  when  compared  to  the  wavelength  dependence  seen  for  radiometric  data. 
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Figure  7.  Normalized  illuminance  data.  This  is  a  replot  of  data  from 

Figure  6  except  that  each  subject's  data  have  been  shifted  on  the 
ordinate.  The  amount  of  the  shift  is  that  which  gives  each 
subject  an  across-wavelength  mean  of  zero. 
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Several  factors  could  cause  the  residual  wavelength  dependence.  Random 
variation  may  have  caused  the  significant  comparisons  (488-nm,  from  514-nm 
and  568-nm  means).  A  second  factor  could  be  introduced  by  the  optical 
train.  If  the  fiber-optic  cable  used  to  produce  the  "point"  sources  intro¬ 
duced  small  differences  in  source  size  that  varied  with  wavelength,  then  the 
glare  spread  would  also  vary.  Any  such  variations  in  source  size  would  be 
difficult  to  measure.  A  third  possible  source  of  wavelength  variation  is 
that  of  the  optical  power  introduced  by  the  canopy  and  the  HUD  combiner 
plate.  Variations  in  the  magnification  caused  by  the  curved  canopy-HUD 
system  could  result  in  different  sized  "point"  sources,  and  consequently,  in 
wavelength-dependent  thresholds.  A  fourth  factor  is  that  of  the  luminosity 
function  itself.  There  is  evidence  that  the  standard  function  does  not 
capture  the  true  shape  of  luminance  sensitivity  at  every  brightness  level 
and  adaptation  state  (21,22).  The  deviations  from  zero  in  Figure  7  may 
simply  result  from  an  inappropriate  correction  for  luminance.  Last,  the 
data  may  represent  a  true  wavelength  effect  indicative  of  sensitivity  to 
purely  chromatic  contrast  (23).  Such  an  effect  certainly  has  theoretical 
interest  and  some  practical  importance  as  well,  but  the  wavelength  effect  is 
much  smaller  than  the  effects  due  to  luminance  and  to  subjects. 

The  relative  magnitudes  of  the  chromatic  and  subjects  effects  are 
illustrated  in  Figure  8.  In  this  figure,  the  results  of  a  model  of  lasei' 
propagation  through  the  atmosphere  (24,25)  are  displayed  for  a  488-nm,  5  W 
argon  laser,  at  sea  level  on  a  clear  winter  day.  These  model  calculations 
are  for  illustration  only  and  are  not  meant  to  establish,  or  to  be  used  as, 
standards.  The  innermost  contour  (labeled  "Gn)")  is  the  distance  at  which 
the  "laser  produces  an  illuminance  equal  to  the  average  threshold  illuminance 
for  all  subjects  independent  of  wavelength.  It  is  the  "keep-cut"  distance 
predicted  by  a  simple  illuminance  model.  The  second  contour  (labeled  "Xm") 
shows  the  mean  illuminance  threshold  for  all  subjects  at  488  nm.  The  488-nm 
threshold  was  chosen  because  the  mean  among  subjects  there  differed  from  the 
grand  mean.  The  contour  plots  the  prediction  made  from  a  model  that 
assumes  there  is  a  true  chromatic  effect.  The  difference  between  the  two 
contours  is  the  worst-case  error  for  the  average  subject  produced  by  the 
wavelength  effect  alone.  The  outer  contour  (labeled  "extreme")  is  that 
obtained  for  the  most  extreme  subject  at  this  wavelength.  In  this  case,  the 
subject  is  more  sensitive  to  488-nm  light  than  predicted  by  the  average. 

The  difference  between  the  inner  and  outer  contours  is  the  worst-case  error 
for  an  individual  subject.  Errors  are  larger  for  subjects  than  for  wave¬ 
length.  If  a  correction  for  chromatic  sensitivity  at  this  wavelength  were 
made,  errors  due  to  differences  among  subjects  would  be  reduced,  but  would 
still  be  important.  The  size  of  the  remaining  error  is  given  by  the 
distance  between  the  outer  and  middle  contours. 

In  Figure  9,  data  for  a  568-nm  laser  are  pictured.  There,  the  most 
extreme  subject  is  much  less  sensitive  to  the  glare  than  is  predicted  by  the 
mean  illuminance  threshold.  Consequently,  that  subject  reaches  threshold  at 
a  closer  distance  than  would  the  mean  subject.  Correcting  for  wavelength  in 
both  examples  improves  the  prediction,  but  a  larger  subjects  effect  remains. 
The  (possibly  age-related)  wavelength-independent  variation  in  threshold  due 
to  subjects  is  the  largest  and  most  important  finding  reported  here.  Any 
future  modeling  or  investigations  should  examine  this  issue. 
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Figure  8 


niustration  of  relative  magnitudes  of  errors  due  to  averaging 
among  subjects.  The  X  at  the  origin  indicates  the  location  of  a 
source  laser  (488  nm,  5  W) .  labels  the  contour  of  distance 
from  the  laser  at  which  the  irradiance  equals  the  mean  il¬ 
luminance  threshold  among  subjects  and  among  wavelengths. 

Xm  labels  the  contour  of  irradiance  equal  to  the  mean  illumi¬ 
nance  threshold  among  subjects  for  488  nm.  "Extreme"  labels 
the  contour  of  irradiance  equal  to  the  threshold  illuminance 
for  the  most  extreme  subject  (more  sensitive  to  the  light  than 
the  mean  subject  and  hence,  at  threshold  at  a  greater  distance). 
"Wavelength  Error"  is  the  worst-case  error  produced  by  averaging 
among  wavelengths.  "Subject  Error"  is  the  worst-case  error  pro¬ 
duced  by  averaging  over  subjects  and  wavelengths. 
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Figure  9.  Illustration  of  relative  magnitudes  of  errors  due  to  averaging 
among  wavelengths  and  errors  due  to  averaging  among  subjects. 

It  is  the  same  as  Figure  8  except  for  the  laser  (568  nm,  5  W)  and 
except  that  the  most  extreme  subject  is  less  sensitive  to  the 
light  than  is  the  mean  subject. 
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